Abstract: Despite advances in sampling and scoring strategies, Monte Carlo modeling methods 1 still struggle to accurately predict de novo the structures of large proteins, membrane proteins, or 2 proteins of complex topologies. Previous approaches have addressed these shortcomings by 3 leveraging sparse distance data gathered using site-directed spin labeling and electron 4 paramagnetic resonance spectroscopy (SDSL-EPR) to improve protein structure prediction and 5 refinement outcomes. However, existing computational implementations must choose between 6 coarse-grained models of the spin label that lower the resolution and explicit models that lead to 
). This functionality enables RosettaDEER to 6 directly evaluate structural models while avoiding the shortcomings associated with 7 transformation to distance distribution.
8
Enrichment of native-like models using experimental decay traces. The extent to which the added 9 capability of directly simulating decay traces could improve the identification of correct protein 10 structural models was evaluated using misfolded and misdocked structural models. We generated 11 one to two thousand incorrectly folded models for each of the proteins mentioned above. In Rosetta energy function. (Figure 4A ). Therefore, we supplemented this de novo fold prediction 5 protocol with one experimental restraint per nine residues using either the CONE model or 6 RosettaDEER ( Figure S5 ). Whereas using the CONE model to transform the distances into 7 restraints led to a measurable improvement in the number of correctly folded structural models 8 (<7.5 Å Cα RMSD100SSE) of Bax, no such improvement was observed when folding ExoU. By 9 contrast, using these restraints with RosettaDEER substantially increased the number of correctly 10 folded models of both proteins ( Figure 4A ).
11
Although agreement between models and experimental structures loosely correlated with both
12
RosettaDEER score and Rosetta score for both proteins, an abundance of incorrectly-folded 13 models obscured this trend ( Figure 4B ; RosettaDEER and Rosetta scores were jointly considered 14 by adding the Z-scores of each). to incorrectly folded models and lack of correlation of the Rosetta score with model accuracy. As 13 a result, orthogonal experimental data that define the structure are critical to de novo folding. Our 14 benchmark suggests that even a small number of experimental DEER measurements is sufficient 15 to achieve fold-level accuracy. Moreover, our model analysis suggests that even low-quality data 16 can discriminate correctly-folded from incorrectly-folded models more effectively than the Cβ-17 based CONE model.
18
The strategy of RosettaDEER to predict the structures of these two proteins ( Figure S6 , and TagDock 16 . MMM2017 was run locally on both cryogenic mode 9 (175 K) and ambient mode (298 K) using default settings. MDDS was run using the CHARMM-10 GUI web server 50 on default settings. MtsslWizard was run locally from Pymol 1.7.2.1 using tight 11 fitting unless no rotamers could be placed, in which case loose fitting was used (because Mhp1 12 residue 324 could not be labeled using loose fitting, distances between it were omitted). Pronox 13 was run from the USC web server using a bias of 0.9 and a van der Waals radius scaling factor of 14 0.75, the latter of which was reduced to 0.4 if rotamers could not be placed. Simulation of DEER dipolar coupling decay traces. The intramolecular form factor (Vintra(t)) was 16 generated from each 0.5 Å bin of a distance distribution between 15 Å and 100 Å:
where t is the time point of a trace in μs, r is the bin distance in nm, μB is the Bohr magneton, gX intermolecular coupling parameter (k). These parameters were determined using linear regression 1 by incrementing λ with step size 0.01 and linearizing the remainder of the signal:
where Exp(t) represents the experimental data at time point t provided by the user.
4
Model generation and evaluation. Diverse sets of models were generated with RosettaCM 45 using 5 either full-length or truncated native models as inputs. Additional low-quality models were 6 generated using de novo protein folding. Bax, ExoU, and CDB3 were scored using the ref2015 RosettaDEER contrasts with the ill-posed inverse problem that must be addressed by Tikhonov regularization. A) 4
Simulated and experimental distance distributions between T4 Lysozyme residues 93 and 123. B) RosettaDEER then 5 simulates the resulting intramolecular decay trace and determines the background parameters, k and λ, which result in 6 the generation of a trace that best fits the experimental data (C). E and F) Recovery of experimental background 7 coupling decay parameters. restraints. Inset: Spread of all models generated using these three methods. B) Accuracy of de novo folded models 5 (gray dots) and clusters (black circles) as a function of combined DEER and Rosetta Z-score. 6 7 1 2 Figure 5 . Predicted models of A) Bax and B) ExoU at 3.2 and 2.1 Å Cα RMSD100SSE, respectively. Models were 3 obtained from ten thousand de novo folded models, the best-scoring of which were refined into 1200 additional 4 models. Native models shown in white. 5 6
